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Methods for nondestructive evaluation of adhesive joints have been ex-
tensively discussed in the literature because of the technological import-
ance of the problem and the extreme difficulty of evaluation of interphasia1 
properties [1). Several methods have been proposed for adhesive joint in-
terphase evaluation: ultilization of interphase [2,3) or guided [4-8) waves 
in the bonded plates or use of obliquely incident ultrasonic waves analyzing 
signals in the time or frequency domains [9-14). Most of the above studies 
(except [5) have evaluated the adhesive bond in bonded areas away from the 
sample edges. Even when the configuration of the experimental samples in-
cluded the edges [2-7) wave scattering and transformation on the edges was 
neglected. The edge effect and the transformation of Lamb waves at the 
edges are the main topics of this work. Some preliminary results in this 
direction were reported in our previous work [5). 
Samples with two common designs of adhesive joints are shown schem-
atically in Fig. 1, where the so-called lap shear sample is shown in Fig. 
lea) and a sample with reinforcement in Fig. l(b). In many cases it is 
convenient for ultrasonic inspection of these types of adhesive joints to 
excite and receive the Lamb waves outside of the joint area and to judge 
joint quality from the wave velocity and attenuation in the bonded area 
and transmission characteristics of the joint for different Lamb modes. 
Usually to insure joint strength an overlap length is taken of several cent-
imeters and so may be considered much longer than a wave length. Therefore 
the wave propagation in the plates inside the overlap area may be considered 
as that for two infinite plates bonded together. Complication of the prob-
lem arises if, as is often done, the wave is excited outside the bonded 
area. In this case the thickness of the wave guide and the wave propaga-
tion conditions are significantly different in the inner and outer areas. 
This leads to wave transformation on the edge. Inside the joint there may 
be a strongly excited mode different in number and symmetry from that of 
the incident wave. This may be crucial for the optimal selection of the 
mode most sensitive to the bond quality. 
The effect of Lamb wave transformation at the edges and mode selection 
for bond evaluation are considered in this paper. The details of the 
theory have been published elsewhere [15), where the problem was studied 
theoretically by the Wiener-Hopf method using the same methodology as in 
our earlier papers [16-17) on Lamb wave diffraction by cracks. 
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I. THEORY 
A. Consideration of Lap-Shear Specimen and Problem Statement 
It has been established previously that the propagation characterist-
ics of Lamb waves in two bonded thin plates are sensitive to changes of 
bond properties. Previous studies apply to infinite bonded plates. However, 
ultrasonic experiments and shear strength tests were performed on the lap-
shear specimen shown in Fig. 1. This type of sample is closely related 
to the most common geometry of actual adhesive joints. The Lamb wave 
exits on the plate outside the bonded area. When it reaches the bonded 
area it is converted to the Lamb waves permissible in the plate region with 
a new value of the parameter kth. This transformation will be different 
for different contact on the bond line (slip or rigid), so it is possible 
that some mode which can easily be excited for the slip contact cannot be 
excited at all for the rigid contact. Therefore such a mode will vanish 
during transition of one type of the boundary condition to the other. 
To clarify this matter, we applied theoretical analysis to estimate 
mode conversion on the boundary between bonded and unbonded areas [15]. 
The physical model which is shown schematically in Fig. 2 has been consid-
ered. For this model an analytical solution in closed form has been ob-
tained. Two separate cases have been analyzed theoretically: first, con-
ditions of slip contact have been assumed on the bond line; second, condi-
tions of rigid contact have been considered [15]. 
B. Numerical Results and Discussion 
The numerical values of the energy transmission coefficients trnr(mult-
iplied by 4) through the bonded region as functions of the parameter kth 
are plotted in Figures 3 and 4 (2h is thickness of the bonded system). As 
shown in Figure 2, the wave is incident from region I and transmitted to the 
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Fig. 1. Schematic illustration of the method of measurement and two sam-
ple configurations used. 
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Fig. 2. Schematic explanation of Lamb wave interaction with bonded region. 
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Plates bonded in the middle (region III), the cuts on the left 
side Ll and right side L2 are separate upper and lower plates 
which have free surfaces in these regions. 
region II' and II. The middle lower symbol shows the number of the mode 
in the bonded area III. The first and last lower symbols show the incident 
and transmitted modes. The upper symbols show the type of these modes (sym-
metric (s) or antisymrnetric (a». 
The same curves can be used for slip and rigid interface properties. 
We must remember that for slip contact: 1) antisymrnetric waves may not be 
excited in the interface region; 2) in the interface region modes with the 
same number as the incident wave can propagate in both sheets. 
For the incident So mode the energy is transported in the bonded region 
mainly by the mode So (2h) at -<k t h<2 (Figure 3) for both rigid and slip 
contacts. Additionally, for slip contact, energy is also transported by 
the So(2h) and So(h) mode (the same mode as the incident), \~hich as men-
tioned in the previous section has energy transmission coefficient 0.25. 
The So(2h) and So(h) modes will have different phase velocities as can be 
seen from the dispersion curves shown in Figure 5. For k t h=2 the energy 
in the bonded region is transported by the mode Al (Figure 1), and other 
cases have been considered in ref. [17]. 
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Fig. 3. Energy transmission coefficients for incident So(h), Ao(h) and 
Al(h) modes with So(2h) mode propagating inside the bonded region. 
Letters with arrows on the top part of the figures indicate the 
position of the cutoff frequencies for propagating modes in the 
dispersion curves. 
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Fig. 4. The same as in Fig. 3 but with Al(2h) mode propagating in the 
bonded region. 
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Now we suppose that the properties of the interface change continuous-
ly from slip to rigid contact. This can occur when a thin film of liquid 
adhesive is cured on the interface or when the adhesion between adhesive 
and substrates is varied. The mode which transports energy in the bonded 
region should have different phase velocities for slip and rigid boundary 
conditions in the overlap area. If it has similar phase velocity for slip 
and rigid contacts, one can assume that the velocity changes for different 
bond qualities will be small. 
II. EXPERIMENTAL STUDY 
A. Experimental Procedure 
A special automatic experimental system has been designed for phase 
velocity measurements of Lamb modes in the bonded region. The resolution 
of the measuring system was shown to be better than 30 ps. This resolution 
is independent of the magnitude of the time interval measured. This means 
that the noise of the electronic system does not exceed 30 ps. 
The ultrasonic measurements were performed at frequencies of 0.5; 1.0; 
1.5 and 2.0 MHz with So' Al and Sl Lamb modes excited in this bonded area. 
To excite Lamb waves, we used plexiglas wedge transducers designed in our 
laboratory with a variable incidence angle. A longitudinal ultrasonic wave 
is excited in the plexiglas wedge using interchangeable rectangular piezo-
ceramic plates. The thickness of the piezoceramic plates is selected in 
accordance with the required frequency. The angle of incidence of the ul-
trasonic beam to obtain the required Lamb wave is selected from the fam-
iliar expression: 
e = arcsin Vo/V (1) 
where Vo is the velocity of the longitudinal wave in the wedge material and 
V is the phase velocity of the Lamb wave. The velocity of the longitudinal 
wave in the wedge material was measured after stress relief and was found 
to be Vo=2.73 x 10 3 m/s. 
The method of measurement is illustrated schematically by Figure 1 
where, in accordance with Figure 2, the transmitter is situated in region 
I, and the receiver in region II. 
To check the sensitivity of the technique to bonding property changes, 
we studied the bonding of two aluminum plates during curing of the adhesive. 
Fig. 5. The dispersion curves for the guided waves in the bonded region. 
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The Epon 815 Resin by Shell with 25% of Aminodiethylpeperazine hardening 
agent were used in this stage of the study. 
It was shown in the theoretical section that for the slip boundary 
condition, a significant amount of elastic energy is carried in the bonded 
region (region III) by a mode of the same type as the incident mode. The 
transmitted mode in region II' will have half the amplitude (25% energy 
flow) of the incident in region I. Close value has been also observed ex-
perimentally. 
B. Experimental Study of the Method and Sensitivity to Adhesive Bond 
Properties for Different Guided Modes and Different Frequencies 
The measurements were performed in two configurations which are shown 
in Fig. l(a,b) at temperature 26°-27°C. The thickness of the adhesive 
film is typically 80-90~. The modes sensitivity to the bond quality were 
studied. 
The real time computer plot obtained during adhesive cure with our 
automated system is shown in Figure 6. The specimen was lap-shear (Fig.la) 
and the frequency of measurement was 1 MHz. kth in the bonded area is about 
3.2. When the adhesive is liquid the So(h) mode is the main transporter 
of energy, so the shift in the dispersion curves from point 1 to point 2 
(Fig. 5) corresponds to the change of phase velocity during the polymer-
ization. The phase velocity decreases and the time delay correspondingly 
increases. 
The same measurements, but for another form of the specimen, are shown 
in Fig. 7. According to the theory the changes of the phase velocity and 
attenuation are very close to those shown in Fig. 6. This supports the 
supposition that these changes are basically due to change of the adhesive 
properties and the bond line edge effect does not playa significant role. 
Typical data for the frequency 0.5 MHz and the sample configuration 
shown in Fig. lb are shown in Fig. 8. kth in the bonded area is about 1.6. 
When the adhesive is liquid, most of the energy is transported by the mode 
So(h) and the mode So(2h). For a solid adhesive, the transport is by only 
the So(2h) mode. The phase velocities of the SoCh) and So C2h) modes are 
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Fig. 6. The phase velocity and transmitted amplitude changes during ad-
hesive cure for SoCh) incident mode and frequency 1 MHz. Sample 
configuration as in Fig. lea). 
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very similar and one can suppose that the velocity changes due to polymer-
ization will be small. The experimental data of Fig. 8 support this. 
The data for the same case but not for only the lap-shear specimen 
(Fig. la) are shown in Fig. 9. The velocity changes are much larger in this 
case. One can assume that at this frequency the velocity changes occur due 
not to material property changes on the bonded line but to edge effects 
(ends of the bonded junction, and coupling efficiency between upper and 
lower layers), because these are the only differences between the specimens 
shown in Fig. la and Fig. Ib from a wave propagation point of view. This 
leads to the conclusion that some of the modes may be sensitive to the edge 
condition. This is very important since strength of the shear joint depends 
mostly on the material properties at the edges. 
Data for the incident So mode at the frequency 1.5 MHz are shown in 
Fig. 10. For a rigid bond, in the bonded area the energy transport is by 
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Fig. 7. The same as in Fig. 6 but sample configuration as shown in Fig. 
l(b) . 
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Fig. 8. The velocity and amplitude data for incident So(h) mode at 0.5 
MHz. Sample configuration as in Fig. l(b). 
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the Al(2h) mode (see Fig. 4) (parameter kth = 4.7), and for a slip contact 
by the mode SO(h). For this parameter kth the phase velocities of these 
modes were close to one another (practically equal). Experiment shows that 
the velocity changes are very small in both configurations of the specimen. 
In summary, by selecting different working frequencies and incident 
modes for experiment, the different aspects of the bonding process can be 
studied. Some modes are sensitive to the bond line properties; some are 
more sensitive to the conditions on the edges of the bond. 
III. CONCLUSION 
To select a Lamb mode for inspection of a lap-shear adhesive joint 
one must take two principal steps: 
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Fig. 10. The velocity and amplitude data for incident So(h) mode at 1.5 
MHz. 
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1. Select the Lamb mode and frequency such that the mode propagating in 
the overlap (bonded) area is sensitive to the bond quality. For 
this the Lamb wave propagation in the region bonded with the adhes-
ive layer should be considered. Such an analysis has been done 
previously and is touched upon only partially in this paper, using 
a model of a slip interface for approximation of a weak bond. 
2. Find the Lamb mode which, when excited in the single plate outside 
the bonded area, is transformed at the edge of the bond to the Lamb 
mode desired for bond evaluation (this mode will propagate in the 
bonded area). The way to select such an excitation condition is 
given in this paper based on theoretical analysis. 
Another aspect which should be taken into account is the change of 
the edge conditions when interface properties are changed in the bonded 
area. It is shown that in some cases this effect may be neglected while 
in other cases Lamb waves may be used for evaluation of edge conditions. 
Evaluation of edge conditions is extremely important since edges lead to 
stress concentrations and playa major role in bond integrity. 
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